2020) Spatio-temporal patterns and predictions of size-fractionated chlorophyll a in a large subtropical riverABSTRACT Spatio-temporal patterns in chlorophyll a (Chl-a) from size-fractionated phytoplankton were examined in the Pearl River (PR), China, during 2015 and 2016. The concentration of total Chl-a was a good indicator of spatial patterns, since it increased along a nutrient gradient. A nonmetric multidimensional scaling (NMDS) model showed clearly a spatial pattern in the distribution of sizefractionated Chl-a, dividing the study area into three groups of sampling sites. The three groups represented sites at the West River (G1), the central Pearl River Delta (G2) and the Guangzhou City center (G3). Temporal changes in physicochemical factors among the three groups were not obvious. And the Linear Discriminant Analysis (LDA) model showed G1 and G2 were mostly explained by physical factors, G3 was closely associated with chemical factors. The potential of using size-fractionated Chla data as an indicator of water quality was compared using two other size-based methods; the morphological traits of the algae Aulacoseira granulata and using functional groups (FGs) combined with trait-based (algae volume) classifications of benthic diatoms. Our study indicated that size-based methods of phytoplankton research could make a useful contribution to determine spatiotemporal patterns in the studied area, providing greater insight into phytoplankton dynamics and enabling better managements of water quality.
Spatio-temporal patterns and predictions of sizefractionated chlorophyll a in a large subtropical river, China Introduction Phytoplankton responds rapidly to changes in water quality, hydrology and climate change, and are thus effective biological indicators of changes in nutrient loads and of other environmental stress factors (Domingues et al. 2008; Bosak et al. 2012) . Phytoplankton size distribution is mainly expressed in terms of chlorophyll a (Chl-a) (Alvarez-Fernandez and Riegman 2014) . Commonly, phytoplankton Chl-a is grouped into pico-Chl-a (0.2-2 lm), nano-Chl-a (2-20 lm) and micro-Chl-a (>20 lm) size fractions, and the distribution of these groups is recognized as an important ecological attribute of aquatic environments (Hopcroft and Roff 1990; Guerrero and Castro 1996) . Spatial and temporal changes in Chl-a are primarily controlled by nutrients, light and temperature in the water column, and these factors could also determine the size structure and species composition of the phytoplankton community. Phytoplankton and their size distribution are recognized, therefore, as important ecological attributes of aquatic environments (Talling and Lemoalle 1998; Mazzuco et al. 2015; Blauw et al. 2018 ).
More studies have been carried out into size-fractionated Chl-a in large-scale marine ecosystems than in freshwater (Brewin et al. 2014) ; recently, however, work on the latter has begun to increase. The precious resource that freshwater quality represents is closely related to human health. However, the ecosystem is globally affected by multiple stressors from anthropogenic activities such as aquaculture, use of land for intensive farming and local drainage (Lu et al. 2009; V€ or€ osmarty et al. 2010; Hering et al. 2015; Liang et al. 2016) . Recent studies in freshwater areas have documented the relationships of sizefractionated Chl-a concentrations and environmental factors. Specifically, the ratio of pico-Chl-a to total Chl-a concentration has been found to be dominant in temperate oligotrophic lakes and rivers around the world (Frenette et al. 1996; Stockner 1998; Arin et al. 2005 ). Because of their positive buoyancy, photopigment spectrum and potential for rapid growth, small algae are well adapted to the low-nutrient euphotic zones of oligotrophic ecosystems (Masson et al. 2000) . In addition, ammonia nitrogen and total nitrogen (TN) are positively correlated to nano-Chl-a levels (Wang et al. 2012; Li et al. 2013) and micro-Chl-a concentrations increase as eutrophication proceeds (Chisholm 1992; Masson et al. 2000; Agawin et al. 2000) . In eutrophic water, micro-Chl-a may not always maintain a high relative concentration ratio, because the larger size and biovolume of the phytoplankton also have higher settling velocity (Konno 1993; Lee et al. 2002; Choi et al. 2006) . However, existing studies were mainly carried out in lakes, reservoirs and estuaries, and there are limited numbers of studies using the size-fractionated phytoplankton approach in rivers (Wang et al. 2012; Li et al. 2013; Soria-P ıriz et al. 2017) .
In the large Pearl River (PR) (China), spatio-temporal patterns of phytoplankton communities and their correlations with environments have been demonstrated, based on taxonomic compositions (Wang et al. 2014; Wang et al. 2016 ) and functional groups (FGs) (Wang et al. 2018) . The results indicated that functional approaches enabled better predictions of community composition than did taxonomic data. Combined functional approaches enabled better predictions for community composition than did the FG system alone (Wang et al. 2018) . Size parameters have also been used to predict the spatial and temporal changes in environments (Wang et al. 2015; Wang et al. 2017) . The morphological size parameters of Aulacoseira granulata, the dominant filamentous diatom, have proved to be good indicators of seasonal variation ). However, the size of phytoplankton communities has never been considered an indicator of the PR. This study uses size-fractionated Chl-a in trying to establish whether: (1) spatial or temporal patterns dominate in the studied area; (2) size-fractionated Chl-a is a good indicator of spatial or temporal patterns. And, by comparing spatio-temporal patterns using different size-based methods in the studied area, we identify the indicating functions of size-fractionated phytoplankton Chl-a in aquatic area studies.
Materials and methods

Study sites
Our study was carried out in the PR, the largest river in southern China (Yang et al. 2010) , comprising the West River, North River, East River and the PR Delta (PRD). The general layout of the PR basin is shown in Figure 1 , indicating the basin location, main tributaries, PRD and the 16 spatial sampling sites. The area of the PRD is approximately 9750 km 2 . The West and North River deltas account for approximately 93.7% of the total area of the PRD and the East River delta account for 6.3%. The topography of the PRD consists of an interweaving network of rivers and channels, with shoals and river outlets.
A total of 16 sampling sites that encompass the key sections of the mainstream of the West River and PRD were investigated. Fengkai (FK), Deqing (DQ), Zhaoqing (ZQ), Qingqi (QQ), Zuotan (ZT), Waihai (WH) and Xinwei (XW) were located along the main channel of the West River. Xiaolan (XL), Xiaotang (XT), Beijiao (BJ), Lanhe (LH), Hengli (HL), Chencun (CC) and Shiqiao (SQ) were located in the central PRD. Lianhuashan (LHS) and Zhujiangqiao (ZJQ) were located on the other side of the delta, near the city center of Guangzhou. ZJQ was located in the Guangzhou channel and LHS was close to the East River ( Figure 1 ). The site coordinates were collected using GPS (Map 621SC) and are listed in Table 1 . One sample was fixed immediately with a 5% formaldehyde solution and was assigned for algae identification and enumeration under an inverted microscope (Zeiss Axio Observer A1) equipped with a visual camera (AxioCam HRc) (sample a). The second bottle was immediately put in a fridge at 4 C and transported to the laboratory for sizefractionated Chl-a analysis (sample b). Sample b was divided into three size classes: micro-(>20 lm), nano-(2-20 lm) and picophytoplankton (0.2-2 lm). The size fractions of Chl-a was derived from sequential filtration of the sample. Water samples were first gravity filtered through 20-lm of Nitex. Filtrates were then sequentially filtered through 2-lm of Millipore Polycarbonate Nuclepore and 0.2-lm membrane filters under low vacuum pressure (<100 mmHg). Chlorophyll retained by the 20-lm filters was considered microphytoplankton biomass and that retained by the 2-lm and 0.2-lm filters constituted the nano-and picophytoplankton fractions, respectively. Fragments were extracted in 5 mL of 90% acetone for 22-24 h in the dark at 4 C. The absorption value of these three classes of phytoplankton at 750-nm, 630-nm, 647-nm and 664-nm wavelengths was then measured using an ultraviolet-visible spectrophotometer (UV-5200) after rotating at 3500 rpm for 10 min in the centrifuge, recorded as OD 750 , OD 630 , OD 647 and OD 664 , respectively.
Sampling and data collection
The concentrations of Chl-a were calculated as C(mg L À1 )¼ [11.85Â(OD 664 -OD 750 )-1.54Â(OD 647 -OD 750 )-0.08Â(OD 630 -OD 750 )] Â 5/ 1000. Total Chl-a concentration is the sum of these three chlorophyll concentrations.
A portable YSI meter (YSI6600-02) was used to measure water temperature, pH, conductivity, total dissolved solids (TDS), oxidation-reduction potential (Orp) and dissolved oxygen (DO) in situ at each sampling site and river width was measured using a diastimeter (Multifunction laser rangefinder). Transparency was measured using a Secchi disk. Underwater light intensity was measured with a hydrophotometer (ZDS-10) under the surface water. An additional water sample of 250 ml was filtered in situ and taken back to the laboratory for nutrient analysis (chemical oxygen demand (COD), phosphate, silicate, TN, nitrate, nitrite, ammonia and ammonium) using a water flow injection analyzer (Skalar-SA1100) and a spectrophotometer (Shimadzu UV-2501PC).
Data analysis
Non-metric multidimensional scaling (NMDS) was used to classify the pattern of phytoplankton assemblages at the sites (Kruskal and Wish 1978) . Hierarchical clustering was performed prior to NMDS analysis and phytoplankton samples were classified into different groups. Bray-Curtis similarity was used as the distance measure and the data were log transformed for treatment (Legendre and Legendre 2012) . Linear discriminant analysis (LDA) was also employed for pattern recognition between groups.
Results
Spatio-temporal patterns of phytoplankton chl-a
Results of the NMDS indicated that based on size-fractionated Chl-a, phytoplankton exhibited a clear spatial pattern. The three groups identified represented the West River (group 1, G1), central PRD (group 2, G2) and city center (group 3, G3) ( Figure 2) . The sample compositions of each group were shown in Supplementary Table 1 . Of these three groups, G3 showed higher total Chl-a concentrations than the other two, and G1 showed the lowest values (Figure 3(a) ). All three groups were similar in the predominance of nano-Chl-a percentages (nano-Chl-a percentages of G1, G2 and G3 were 75.06%, 65.88% and 64.88%, respectively), with the lowest percentage being that of pico-Chl-a (pico-Chl-a percentages of G1, G2 and G3 were 2.84%, 2.43% and 2.21%, respectively). The main difference was that the percentage of micro-Chl-a in G1 was lower than in the other two groups (Figure 3(b) ).
Relationships between environmental factors and chl-a distribution
Correlations between the three groups and environmental parameters were analyzed using LDA. Two axes (F1 and F2) accounted for 72% and 28% of the between-cluster variability, respectively. The environmental parameters used were able to predict the spatial pattern of size-fractionated phytoplankton (i.e. the global score of prediction) with 76% accuracy; and the prediction success rates for G1, G2 and G3 were 80%, 70% and 79%, respectively. Group 3 is clearly separated from the two other groups. G3 and G1 are ordered along the first axis F1 (i.e. horizontal axis) in opposite directions (Figure 4(a) ). The gradients of chemical parameters and DO are loaded along this axis and are important controlling variables in G3 and G1 (Figure 4(a,b) ). Width, Orp and transparency are along the second axis F2 (i.e. vertical axis) and are important controlling variables in G1 and G2, which are loaded along this axis in opposite directions (Figure 4(a,b) ).
Dominant phytoplankton species
Basically, diatoms were the most abundant taxa in the three groups. G1 and G2 both had the same three dominate species A. granulata, Melosira sp. and Melosira varians. A. granulata dominated almost all of the sampling stations, with a gradually increasing proportion from G1 to G3. Other major species included Peridinium sp. and Protoperidinium sp. (Table 2) .
Discussion
Spatio-temporal patterns of total chl-a
According to previous studies, the studied area can be divided into three spatial areas, the West River (especially the upstream region), the central PRD and the city center, which were oligotrophic, moderately eutrophic and highly eutrophic, respectively . This is consistent with the spatial distribution model based on species biomass (Wang et al. 2016) . In this study, we obtained the same spatial pattern based on research into size fractions of phytoplankton Chl-a, which indicated that size concentrations of Chl-a are good indicator parameters for water quality classification in the middle and lower reaches of the PR. Previous studies have found that Chl-a size characteristics in lakes, estuaries and other waters varied linearly with the nutrient gradient of the water body (Wang et al. 2012; Li et al. 2013; Soria-P ıriz et al. 2017) . In our study, the concentration of total Chl-a increased with eutrophication, which is consistent with results from other waters (Chen et al. 2003; Xu et al. 2010; Wang et al. 2015) . The total Chl-a concentration of G3 was significantly higher than that of G1 and G2. Group 3 was composed of rural sites, which were greatly affected by human activities and water eutrophication is conducive to the growth and reproduction of algae. These stations were located on the Humen side of the mouth of the PR, where there is strong water exchange; this also supplements nutrients and algae. However, there were few differences in total Chl-a between G1 and G2: (1) there was little difference in nutrient content between G1 and G2 (Table  3) ; and (2) the wider rivers in G1 had increased runoff in our study area. This had a significant dilution effect on the algae community, so the Chl-a concentration in G1 decreased. The relatively high transparency of G2 resulted in higher settlement loss of phytoplankton (Young et al. 2012 ) and so the Chl-a concentration of G2 was reduced. The above two points are the main reasons for the reduction in concentration differences of total Chl-a between G1 and G2.
Relative percentages of size-fractionated chl-a
There was no significant difference between G1 and G2 in the total concentration of Chla, and the relative composition of Chl-a content in G2 and G3 was very similar. The significant difference between G1 and the other two areas was mainly reflected in the relative composition of nano-and micro-Chl-a.
According to previous studies, the percentage of micro-Chl-a has been found to increase with eutrophication (Chisholm 1992; Agawin et al. 2000; Masson et al. 2000) . Therefore, we supposed that the relative content of micro-Chl-a would increase progressively from G1 to G3. However, in contrast to our conjecture, our results indicated that the relative content of micro-Chl-a was almost unchanged from G2 to G3. There are several reasons: (1) Microphytoplankton growth was restricted in G3 waters. Previous studies have shown that the relative content of micro-Chl-a is positively correlated to pH value, and negatively related to COD content, temperature, TN, and PO 4 3À (Wang et al. 2012; Li et al. 2013 ). However, the G3 water body had lower pH values and higher values of COD, temperature, TN, and PO 4 3À (Table 3) , which do not favor microphytoplankton. Moreover, it has been found that the low transparency of water bodies may restrict the light available to microphytoplankton (Madhu et al. 2007) . Therefore, because of low transparency in G3 waters, light intensity in G3 was approximately 37% of G2 (Table 3) , limiting the photosynthesis of microphytoplankton. (2) Microphytoplankton has been suppressed by the massive growth of nanophytoplankton. Previous results showed that nano-Chl-a was positively correlated to N content (Wang et al. 2012; Li et al. 2013 ). Therefore, the relatively higher N content in G3 waters was suitable for nanophytoplankton growth. Nanophytoplankton also has lower sinking velocities and turbulence may enhance the recruitment from sediment through the resuspension process. Although there was almost no difference in total Chl-a concentration between G1 and G2 areas, G1 had a lower micro-Chl-a percentage and the lowest A. granulata content ( Table  2) . We believe that, because river channels in G1 are wider than those in G2 and G3, there were three main reasons for the small proportion of micro-Chl-a: (1) subsidence loss of A. granulata. The filament length of A. granulata is in the nano-fraction and micro-fraction range (Gamez et al. 1995; O'Farrell et al. 2001) , and the increase in settling velocity broadly coincided with the increase in size or biovolume (Konno 1993; Lee et al. 2002; Choi et al. 2006 ); (2) a previous report indicating that filaments in G1 were the shortest proved our deduction that subsidence loss of A. granulata inhibited the increase in micro-Chl-a percentage ; and (3) the vertical mixing capacity of G1 was lower than that of G2, so the loss of microphytoplankton was not replenished in time.
There were clear differences between the percentages of nano-Chl-a and micro-Chl-a to total Chl-a among the three groups, but pico-Chl-a percentages did not differ greatly among the three groups. Our finding is contrary to previous reports that pico-Chl-a content is higher in oligonutrient estuaries and oceans (Carrada et al. 1994; Tremblay et al. 1997; Cai et al. 2002; Arin et al. 2005) . Arin et al. (2005) reported that, in marine ecosystems, pico-Chl-a content dominated in all seasons. In winter, the intrusion of nutrients into the photic zone increased the total autotrophic biomass (by intense vertical mixing and strong riverine inputs), while the picophytoplankton contribution was relatively low. The G1 waters in this paper are located in the middle and lower reaches of the PR. This open water area is easily washed by the upstream water flow and has been maintained in an oligotrophic state. This may be the reason that the pico-Chl-a percentage in G1 waters did not dominate. However, in PRD the water body has a higher nutrient content and vertical mixing capacity, which is favorable for nanophytoplankton and microphytoplankton growth and reproduction (Madhu et al. 2010; Li et al. 2013) . Therefore, the pico-Chla percentage does not dominate G2 and G3 waters.
Comparing spatio-temporal patterns using different size-based methods
We divided the study area into three areas (groups), based on the characteristics of Chl-a size fractions, showing a significant spatial pattern instead of a temporal pattern. We analyzed physicochemical factors and Chl-a that were significantly related to the spatial pattern, showing that changes in these factors in the three groups were not obvious on the temporal scale (Table 4 ). This may be the main reason why size fractions of phytoplankton did not exhibit temporal patterns.
One of the main objectives of the trait-based research approach is relating traits to environmental factors (McGill et al. 2006; Wu et al. 2017) . Temporal and spatial patterns shown by the correlation between characteristic phytoplankton parameter changes and water environmental factors are essential for monitoring nutrient changes in water ecosystems (Casini et al. 2008) . Published studies indicate that spatio-temporal patterns vary according to different algae size-based analysis methods. Based on size parameters (cell diameter, cell length, filament length and cell numbers in filament) of a dominant chain colony-forming planktonic diatom (A. granulata) in the PR, we obtained a clear temporal pattern; however, no single parameter was a good indicator of water quality . Seasonal variation in the relative abundance of different forms of A. granulata confirmed the indicator function of diatom size characteristics to temporal variation in the study area (Wang et al. 2009 ). Time-scale analysis showed that the phytoplankton FG concept sensu Reynolds (Reynolds et al. 2002) system, combined with trait-based classifications (algae volume) of benthic diatoms (S1: 5-99 mm 3 , S2: 100-299 mm 3 , S3: 300-599 mm 3 , S4: 600-1499 mm 3 and S5:!1500 mm 3 ) (Berthon et al. 2011; Wang et al. 2018) , enabled better predictions of community composition than the FG system alone: the interpretation rate of environmental factors to phytoplankton community was higher than that of the FG system by about 10% (Vikt oria et al. 2016; Wang et al. 2018 ). In our study, using the size characteristics of phytoplankton Chl-a, the spatial pattern of the studied areas could be defined as oligotrophic, moderately eutrophic and highly eutrophic. Similarly, spatial patterns separated the PR estuary into two areas through phytoplankton Chl-a size classification, which were characterized by low salinity-high nutrient content and high salinity-low nutrient content (Li et al. 2013) . Nitrogen and phosphorus levels also controlled phytoplankton growth patterns in the Chinese lake Taihu, based on the study of spatio-temporal patterns of size-fractionated phytoplankton Chl-a (Yue et al. 2014 ). Our study shows that research and analysis of size-based Chl-a classification can make a useful contribution to the study of spatio-temporal patterns in aquatic areas.
